A mcrD-lacZ gene fusion has been constructed and expressed under lacP control in Escherichia coli. Antibodies raised against the product of this gene fusion have been used in Western blotting (immunoblotting) to demonstrate the gene product of mcrD (gpmcrD) in Methanococcus vannielii. The a, j, and -y subunit polypeptides of component C of methyl coenzyme M reductase (MR) were coprecipitated with gpmcrD when bound by antibodies raised either against MR or against gpmcrD-lacZ. This association of MR and gpmcrD did not withstand polyacrylamide gel electrophoresis under nondenaturing conditions. Component C of methyl coenzyme M reductase (MR) catalyzes the terminal reaction in methanogenesis, releasing methane (2, 8, 9, 11, 19) . MR, which constitutes approximately 10% of the cellular protein, has been purified from several methanogens and has been shown in every case to contain three different polypeptide subunits which form a holoenzyme with the organization a232.Y2 (2, 8, 9) . The genes encoding the a, ,B, and -y subunits, mcrA, mcrB, and mcrG, respectively, have been cloned and sequenced from five different methanogens (3, 4, 7, 12, 22) and have been found in every case to be part of a cluster of tightly linked, cotranscribed genes, arranged mcrBDCGA and designated the mcr operon. All extant mcr operons appear to have evolved from a common ancestor (12, 22, 23) . The extent of divergence of the mcr sequences correlates well with current methanogen phylogenetics as determined by differences in ribosomal RNA sequences (11). The mcrD and mcrC genes are conserved and found at the same location in all five sequenced mcr operons (12, 22), arguing for important and conserved functions for the gene products of mcrD (gpmcrD) and mcrC (gpmcrC), respectively. These polypeptides do not, however, copurify with the MR holoenzyme, so their functions, indeed their existence, in methanogens has remained a matter of speculation. The mcrD gene of Methanococcus vannielii was expressed when cloned in Escherichia coli (7), and by using antibodies raised against the product of a mcrD-lacZ fusion (gpmcrD-lacZ) 
Component C of methyl coenzyme M reductase (MR) catalyzes the terminal reaction in methanogenesis, releasing methane (2, 8, 9, 11, 19) . MR, which constitutes approximately 10% of the cellular protein, has been purified from several methanogens and has been shown in every case to contain three different polypeptide subunits which form a holoenzyme with the organization a232.Y2 (2, 8, 9) . The genes encoding the a, ,B, and -y subunits, mcrA, mcrB, and mcrG, respectively, have been cloned and sequenced from five different methanogens (3, 4, 7, 12, 22 ) and have been found in every case to be part of a cluster of tightly linked, cotranscribed genes, arranged mcrBDCGA and designated the mcr operon. All extant mcr operons appear to have evolved from a common ancestor (12, 22, 23) . The extent of divergence of the mcr sequences correlates well with current methanogen phylogenetics as determined by differences in ribosomal RNA sequences (11) . The mcrD and mcrC genes are conserved and found at the same location in all five sequenced mcr operons (12, 22) , arguing for important and conserved functions for the gene products of mcrD (gpmcrD) and mcrC (gpmcrC), respectively. These polypeptides do not, however, copurify with the MR holoenzyme, so their functions, indeed their existence, in methanogens has remained a matter of speculation. The mcrD gene of Methanococcus vannielii was expressed when cloned in Escherichia coli (7) , and by using antibodies raised against the product of a mcrD-lacZ fusion (gpmcrD-lacZ), synthesized in E. coli, we have now demonstrated gpmcrD in M. vannielii and have investigated its association with MR holoenzyme.
MATERIALS AND METHODS
Bacterial strains, plasmids, and phage. Subcloning and expression of mcrD and mcrD-lacZ gene fusions used E. coli JM101 l(lac-pro) supE thi(F' traD36 proAB lacIq lacZ) (16) and E. coli DS410 minA minB rpsL (18) . Bacteriophage M13mpl9 and derivatives of this phage were grown on JM101. Plasmids pET1300 (7) and pSKS106 (5) Cells from exponentially growing cultures were pelleted anaerobically by centrifugation, and the pellets were frozen and thawed and resuspended in 1/100 the original culture volume of sonication buffer. The lysate obtained after two 1-s exposures to sonication and a 10-min incubation at 0°C was cleared by centrifugation (2,000 x g, 5 min, 4°C) and used immediately or stored frozen at -70°C. Cytoplasmic (S-120 supernatant) and particulate (S-120 pellet) fractions were separated by centrifugation for 2 h at 4°C in an airfuge (Beckman Instruments, Inc., Fullerton, Calif.) at 120,000 x g. The S-120 pellet was washed with 50 mM potassium phosphate buffer (pH 6.8) by vigorous, repeated passages through the needle of a 50-,ul Hamilton syringe and then repelleted by using the same conditions in the airfuge.
Gel electrophoresis. Proteins were separated by SDS-PAGE and native PAGE by using the discontinuous buffer system described by Laemmli (13) . Exponential 11 to 14% (wt/vol) polyacrylamide gradient gels were used for SDS-PAGE analyses of cell lysates, and a 7.5% (wt/vol) polyacrylamide gel was used preparatively to obtain the 135-kilodalton gpmcrD-lacZ. Exponential 5 to 15% (wt/vol) polyacrylamide gradient gels were used in the absence of SDS to separate nondenatured protein complexes. Proteins in gels were either stained with Coomassie brilliant blue or transferred to nitrocellulose filters (Schleicher & Schuell, Inc., Keene, N.H.) for analysis by Western blotting.
Electrophoretic separation of DNA molecules used 0.8% (wt/vol) agarose gels as described by Maniatis et al. (14) .
Preparation of gpmcrD-IacZ. (i) Electroelution from gels. The region of the 7.5% polyacrylamide gel that contained gpmcrD-lacZ was excised, macerated, and placed in a glass tube (0.5-cm internal diameter) sealed at one end by a plug of 2% (wt/vol) agarose containing 0.1% (wt/vol) SDS. The tube was fitted with a length of dialysis tubing, and electrophoresis at 90 V for 16 h transferred gpmcrD-lacZ from the macerated gel into solution inside the dialysis tubing. The contents of the dialysis tubing were dialyzed for 12 h at room temperature against 6 The mcrD gene of M. vannielii was subcloned from pET1300 (7) into pUC19 to obtain pMRD107 and from pMRD107 into M13mpl9 to obtain M13-D (Fig. 1) . An A to G transition was introduced into mcrD by site-specific mutagenesis (24) at position -13 relative to the 3' terminus of the gpmcrD coding sequence by using the mutagenic oligonucleotide (31-mer) primer shown in Fig. 1 (Fig. 1) contains an in-frame mcrD-lacZ gene fusion lacking only 2 codons from the carboxyl terminus of mcrD and 6 codons from the amino terminus of lacZ. The encoded gpmcrD-lacZ, containing 1,158 amino acid residues and with a calculated molecular mass of -135 kilodaltons, was synthesized in large amounts in E. coli JM101(pD'Lac) grown in the presence of isopropyl-P-D-thiogalactopyranoside (Fig. 2) . Synthesis of gpmcrDlacZ did not occur in the presence of glucose or absence of isopropyl-p-D-thiogalactopyranoside. Western blots demonstrated ,-galactosidase epitopes on gpmcrD-lacZ (Fig. 2) which facilitated its subsequent purification by ABTG-affinity chromatography (20) .
Demonstration of anti-gpmcrD antibodies in the antiserum raised against gpmcrD-lacZ. Extracts of E. coli DS410 cells, either plasmid-free or containing plasmid pUC19 or pMRD107, were analyzed by Western blotting by using the rabbit antiserum raised against gpmcrD-lacZ. All three E. coli extracts bound antibodies, presumably due to the presence of anti-E. coli antibodies in this rabbit antiserum; however, there were also antibodies present that bound to a protein found only in the E. coli DS410(pMRD107) extract. This protein had an electrophoretic mobility identical to that FIG. 3 . Detection of gpmcrD synthesized in E. coli. Radioactively labeled polypeptides synthesized in E. coli minicells containing pUC19 or pMRD107 (see Fig. 1 ) incubated in the presence of
[35S]methionine (18) were separated by SDS-PAGE and detected by autoradiography. The band identified as gpmcrD has the electrophoretic mobility predicted for a polypeptide with the calculated molecular mass (18,000 kilodaltons) of gpmcrD and comigrates with the polypeptide previously identified as being gpmcrD synthesized in minicells containing pET1300 (7) . Polypeptides in plasmid-free E. coli DS410 cells (labeled DS410) and in E. coli DS410 cells containing pUC19 or pMRD107 (labeled pUC19 and pMRD107) were separated by SDS-PAGE and probed in a Western blot to demonstrate anti-gpmcrD antibodies in the rabbit antiserum (diluted 1: 1,000) raised against gpmcrD-lacZ.
of radioactively labeled gpmcrD synthesized in E. coli DS410 minicells containing pMRD107 (Fig. 3) .
Detection of gpmcrD in M. vannielii and its association with MR holoenzyme. The rabbit antibodies raised against the MR holoenzyme and against gpmcrD-lacZ were used in Western blotting to identify the a, j, and -y subunits of MR and gpmcrD in fractions of M. vannielii cells separated by SDS-PAGE and native PAGE (Fig. 4) . The separated a, 3, and -y subunits and gpmcrD were readily detected in the S-120 supernatants by Western blotting after SDS denaturation and electrophoresis, but gpmcrD could not be detected by Western blotting of native gels. The MR holoenzyme formed a visible yellow band on nondenaturing gels which bound antibodies raised against the MR holoenzyme but did not bind antibodies raised against gpmcrD-lacZ (Fig. 4) 5) , and the antiserum raised against gpmcrD-lacZ did coprecipitate the a, ,, and y subunits (result not shown) from S-120 supernatants.
subunits of MR were clearly visible in the antibody-precipitated material, but very little gpmcrD was detectable by autoradiography (Fig. 5 ). Probing this gel by Western blotting by using anti-gpmcrD-lacZ antibodies did, however, demonstrate gpmcrD in the material precipitated by the anti-MR antibodies (Fig. 5) .
DISCUSSION
Although mcrD genes have been cloned and sequenced from five methanogens (3, 4, 7, 12, 22) , the results reported here are the first demonstration of a gpmcrD in a methanogen. The primary sequences predicted for the different gpmcrDs contain only limited regions with conserved amino acid residues (12, 22, 23) , but nevertheless they do all appear to have evolved from a common ancestor and are therefore likely to have a common function. The challenge is to determine that function. MR purified on the basis of enzyme activity does not contain gpmcrD (2, 8, 9) , nor is gpmcrD present in the MR holoenzyme isolated by electrophoresis through native gels (Fig. 4) , but as suggested by the antibody-mediated coprecipitation (Fig. 5) , an association of gpmcrD and MR in vivo is still a possibility. If this coprecipitation accurately reflects an in vivo association, then the ratio of gpmcrD to MR holoenzyme in these complexes appears to be low. It is, however, also possible that most of the gpmcrD-MR complexes dissociate during cell lysis or that the coprecipitation results from nonspecific entrapment of small amounts of gpmcrD within the large amounts of MR present in, and precipitated from, M. vannielii S-120 supernatants by the anti-MR antibodies. In situ localizations (17) and in methanogen strain Gol (15) but that in Methanobacterium thermoautotrophicum the subcellular location of MR is growth r'ate dependent (1, 17) . We found both MR holoenzyme and gpmcrD almost exclusively in the S-120 supernatant fraction of M. vannielii, indicating that if MR is associated with the cell membrane in M. vannielii, this association does not survive, in a particulate form, cell lysis by freezing and thawing. Complex subcellular structures containing the ot,I, and yV subunit MR have been described (15, 21) , and a role for gpmcrD in the construction or as a component of these ".1methanoreductosomes" would S-till be consistent with the results reported here.
